Abstract
Introduction
The interface between the pacing electrode and the endocardium is more than just a simple ohmic type electrical contact [1, 2] . This is evident from the comparison of the old signals obtained by photoanalysis with the pacing pulse output by the pacemaker. This pulse measured across the pacemaker terminals is a voltage pulse whereas the signal measured by skin electrodes is the current image of this pulse. The morphological differences between voltage and current signals are due to the composite electrical nature of the heart-electrode interface.
Purpose and interest of the study
We propose to model the heart-electrode interface as an electric circuit and to determine the value of each of the components. This will make it possible to compare electrodes (of different models and within a given model), establish the role of the blood and endocardium by proceeding measurements under different conditions as well as to determine the polarization of the interface universally from knowledge of the polarization circuit and the applied signal (a voltage or current signal of known duration).
Model, theoretical analysis
The contact between the electrode and endocardium in the blood electrolytes electrically forms a capacitor C. This capacitor, highly imperfect, is shunted by its leakage resistor R connected in parallel with C. Resistor r, in series with this parallel RC circuit, corresponds to the ohmic resistance of the wire, the tissue resistance and the plasma resistance (electrolytes) [3] [4] [5] [6] [7] .
The simplest model is therefore the electric circuit below:
We will neglect the inductive effect due to the spiral structure of the wire, because our measurements have shown it to be extremely low. In addition, this inductive effect is applied only for a very short time, when the pacing pulse is being generated. Taking this effect into account would unnecessarily complicate the model.
If this circuit is supplied by a square pulse with a constant voltage V, the current I through the circuit is dependent on time and satisfies the following first order differential equation: The problem is to evaluate coefficients a, b and c knowing the current I(t). This evaluation is made by nonlinear regression fit. The current is evaluated by measuring the voltage with respect to time V(t) across a measurement resistor r measurement connected in series in the circuit. The ratio V(t)/r measurement gives the current I(t).
Equipment and methods
The constant voltage square pulse of 2 ms duration with a known, adjustable amplitude, is generated using the analog output of a National Instruments card. This card is installed in a PC that measures and digitizes the I(t) flowing through the circuit (1 MHz sampling rate).
Resistor r measurement connected in series in the circuit has a value of 100 Ω.
All the calculations and programming of the analog output were written in the National Instruments G LabVIEW programming language. The programming creates a virtual instrument used to: -display the constant voltage pulse, -display the current flowing through the circuit, -record the current in an electronic file, -adjust the control settings (pulse voltage, pulse duration, pacing rate, acquisition trigger level, filename to be saved, etc.). A second virtual instrument that displays the saved file, is used to curve-fit the current I(t) using a nonlinear regression algorithm (Levenberg-Marquardt algorithm) and gives the values of circuit components R, r and C. These values can be saved in a file for future use.
3.
Examples of results a) Comparison of the impedance components for three measurement conditions (discounting the wire resistance) is given in the figure below: The distal capacitances are shown in the figure below for the YP (Biotronik), ActFix (Vitatron), Fine Line II (Guidant) and Elox (Biotronik) leads. The differences between leads are significant except between YP and ActFix. The macroscopic surface areas of the above electrodes are 7, 4.2, 5 and 9.2 mm3. respectively. It can be seen that there is no relation between surface area and capacitance except for the Elox probe, which has both the highest capacitance and largest surface area. This lack of correlation between macroscopic surface area and capacitance is due to the surface treatments of the electrodes designed to increase the macroscopic surface area in contact with the electrolytes and tissues.
The figure below compares the capacitances of the four leads: The differences between leads resistances are significant except between YP and ActFix (as was already the case for the capacitances). The parallel resistance is observed to be inversely proportional to the capacitance, in approximately the same proportions (i.e. when C doubles, R is divided by 2 and vice versa) such that product RC remains roughly constant. Product RC (time constant) participates in discharge of the capacitance through the parallel resistance and accounts for the electrode polarization properties.
Discussion and advantages
This method for measuring the heart-electrode interface allows analysis of the three model components.
These data are used to make comparisons between electrodes. It will be possible to establish relations between manufacturing techniques and certain electrical characteristics. The method can also be used for inprocess inspections. In addition, it allows analysis of the role of the thorax, blood and endocardium for certain characteristics.
A fundamental consequence of this analysis is to propose a universal definition of electrode polarization. In effect, knowing the model components, it is possible to calculate the polarization voltage at any time and from any applied current or voltage signal.
